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Abstract 



CN , (7^ — 7- r^c semi-leptonic decays are studied in details. Relevant helicity amplitudes are written 

^ I down. Both unpolarized and polarized Of, cases are considered. Decay angular distributions, 

^^ ■ asymmetry parameters and semileptonic decay rates are calculated, with numerical results using 

o. 

en . leading order results of the large Nc heavy quark effective theory. 

P^, PACS numbers: ll.80.Cr, 12.39.Hg, 14.20.Mr 

Oh: 

> 

in 

en 
in 

(N 

l> 

O 



X 



Electronic address: mkdu@itp.ac.cn, liuc@mail.itp.ac.cn 



I. INTRODUCTION 

Heavy baryons can be a good application ground of QCD. They reveal some important 
features of the heavy quark physics. Data on heavy baryons have been accumulating by 
experiments of LHC and Tevatron, as well as by previously LEP, LEPII and B-factories. 
Detailed theoretical analysis are necessary. The A;, baryon has been studied considerably. 
For an example, the A^ — t- A^ semileptonic decay was analyzed thoroughly in Refs. iH^ in 
terms of decay rates, distributions and various asymmetry parameters. 

Although established for over 35 years, QCD's nonperturbative aspects are still not fully 
understood, which render us from precise calculations for the hadron physics. For heavy 
hadrons containing a single heavy quark, the heavy quark effective theory (HQET) |5|, |6| 
is the right QCD, which correctly factorizes the perturbatively calculable part out from 
hadronic matrix elements of weak currents in a simple and systematic way. The really 
tough task lies in calculating the nonperturbative part which is the universal Isgur-Wise 
functions. They can only be calculated by some nonperturbative methods of QCD, like the 
large iV, QCD \^. 

In this paper, Q^ baryon semileptonic weak decays are studied. The Qf, baryon was 
discovered by Tevatron experiments |8|, via its 2-body nonleptonic decay Vlb -^ J/^!VL^ . 
In terms of the valence quark content, it is made of 6 — s — s. Unlike B-mesons or charm 
hadrons, b-baryons cannot be produced at B-factories, they have been only produced at 
LEP, Tevatron and LHC. It would be a stable particle if the electroweak interaction were 
shut down. While the process Vti, — )■ J /^VL~ is the most appropriate for determining the Vt^ 
mass, the weak interaction properties of the fi^ baryon cannot be precisely extracted out, 
because nonleptonic decays are subjected to a large nonperturbative QCD uncertainty. They 
are a lot cleaner in the semileptonic decays fij, — )■ Vt* Iv which are not CKM suppressed. In 
the near future, more data on fif, will be obtained by the Tevatron and LHCb experiments. 
Furthermore, the planning Z factory |9|] can also produce a large amount of Vti, data. In the 
Z factory, Z is polarized, Vt^ coming out from Z is also polarized. All these make it viable 
to analyze the f2f, semileptonic decays experimentally. Theoretically semileptonic decays are 
simply parameterized in terms of form factors which contain all the nonperturbative QCD 
effects. With the help of the HQET, there are only two universal Isgur-Wise functions at the 
leading order of heavy quark expansion in the fib — )■ Vt* transitions [10]. These Isgur-Wise 



functions can be further calculated in the large Nc QCD 12|, ll3|. This is partly based on 
the observation of the light-quark spin-flavor symmetry in the large Nc limit 14 1. 



We will perform a detailed analysis considering polarization effects of the decays. Our 
analysis follows the way of Korner and Kramer jl| who analyzed A^ semileptonic decays. 
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For obtaining 



The technique of helicity amplitudes is adopted which can be found in 
detailed information of the fi;, decays, all kinds of observables are calculated, although some 
of them are not practically measurable in the current stage. Nevertheless in such a systematic 
way, the semileptonic decay branching ratio and spectrum are also obtained at last. In Sect. 
II, helicity amplitudes are written down for analyzing the Vt^, — > Vt* weak decays. Decay 
distributions and various asymmetry parameters are calculated in Sect. III. The decay rates 
are presented in Sect. IV. In Sect. V, we summarize the results. 



II. FORM FACTORS AND HELICITY AMPLITUDES 



A. Form factors 



The hadronic matrix elements of the weak currents V^ = cy^b and A^ = cy^'y^b can be 
parametrized by fourteen form factors which are defined as below 17l |. 



{nc{v',s')\v'^\n,{v)) 
{nc{v',s')\A'^\n,iv)) 
{Q:{v',s')\v^\n,iv)) 
{n:{v',s')\A^\n,iv)) 



u{v', s'){F,Y + F2V'' + F3v'^)u{v, s); 

uiv', s')iGa^ + G2V^ + G^v'^^hMv, s); 

ux{v', s){NiV^Y + N2v\^ + N^v\'^ + Nig^^')-i\{y, s); 

uxiv', s'){Kiv^-f^' + i^s^^V + Ksv^'" + K4g^^')u{v, s). 



where ux is the Rarita-Schwinger spinor for the Q*. It is convenient to redefine some of the 
form factors as below: 
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where Mi is the ^2^ mass, M2 and M2 masses of Qc and Q* masses, respectively, while 
Ml = 6.071 GeV,M2 = 2.695 GeV, and M^ = 2.770 GeV (181. For simplicity, we shall 
neglect lepton masses. In this case, F^, G3, F3, N^ and K'^ have no contribution to the 
decays. 

In the HQET, according to the standard tensor method [l(|, we denote the riX states 
by ^Q , where M = 1 is for Qq and M = 2 for Qq. Then the tensor fields describing the 
n^ states are Bff , 

1 



Bl{v, s) = ^(7m + v,^h^u{v, s), Bl{v, s) = u^{v, s) . 



(3) 



To the leading order of heavy quark expansion, the fourteen form factors are reduced into 
two Isgur-Wise functions [lO|, 



(fif|/i(^)r/i(')|fi^) = GB;fTB''[-g^''^i{uj) + v^'v"'U^)], 



(4) 
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where u = v ■ v' , and G is the QCD perturbative leading logarithm correction, which has 
been evaluated at the scale /i = itli.. The fourteen form factors are then expressed as below 
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it is at this stage that nonperturbation methods are needed. In the large Nc hmit, these 



two Isgur-Wise functions are re 



rjUcTub, the relations are 111. Il2|: 



ated to that of {Ac\h^''^Th^^^\Ab). While {Ac\h^''^Th^''^\Ab) 



Furthermore, in the large Nc limit, i] is predicted as [l3|: 

r]{u) = 0.99 exp[-l. 3(0;- 1)] 



(7) 



(8) 



B. Helicity amplitudes 



Q 



(*)i 



Following the way of Ref. [1| for A5 — ?> AJu decays, we analyze Qb -^ ^c W semileptonic 
decays. It is convenient to regard the decay as two- successive decays fix — )■ ^2 + W^os-sheii 
and PVoflF-sheii -^ i + i^- We denote helicity amplitudes of r2{, — ?■ f^c + £ + z/ as H^^^ , and that 
of r2fo — 7- f]* + £ + z/ as H^^\ , where A2 and Xw are hehcities of the daughter baryon and 
the off-shell 1^-boson. These amplitudes can be expressed by our redefined form factors as: 

,/fHY/,^ = v/^[(Mi + M2)Fi + F^Q+] , HY/,, = -V2QZF,- 
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where q£^ = {M,±M^'^)'' -q^'^^ and q^'^' (W) = (gW^, 0, 0, -pW) while pW = ^[(^^ /2M^ 
and gWo = (Mf - il^^^s 

the parity relations: 



M2'^ + q^'^'^)/2Mi. Other helicity amplitudes can be obtained via using 
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III. ANGULAR DISTRIBUTIONS AND ASYMMETRY PARAMETERS 



Unpolarized and polarized Qb decays will be considered, respectively. And in case of the 

fift — )■ Qc transition, the cascade nonleptonic weak decay i7c — ?■ a + 6 (for example Qc — >■ fi + vr 

18| ) will be taken into account, where a has spin 1/2, and 6 is a spin zero particle. While 

in the case of Qb -^ ^* transition, we will not further consider fi* cascade decays which are 

either strong or radiative decays 18|] and therefore will not produce the asymmetry factors. 



A. Unpolarized Qh decay 

For that Qb is unpolarized, it is convenient to introduce the correlation density matrix 
first, which is given by 

P\2\w-^2^'w ^ ^^'2XwHy^x'^ ■ (12) 



With this density matrix, using the methods of Refs. 15|, |l6|, |l9| and ignoring lepton masses 



we obtain the angular distribution for the whole decay Qb -^ ^c(— > a + 6) + Vl^(— > £ + u): 



dwdcosedxdcosGn '(27r)4' ''"' ^ 24Mi 

x( -(l + cose)^|ifi/2 if(l + ancosen) 



+ -(1 -cose)^|iy_i/2 -i| (l-aQCOsOn) 



q 

+ -sin6^|i/i/2 o| (l + aQCOs6n) 



+ -sin9^|i/_i/2 o| (l-«QCOs6n) 



3 

a;QCOsxsin6sin6n[(l + cos9)Re(if_i/2 0-^^1*72 1)] 



2^2 
3 



ancosxsin6sinOf7[(l - cos6)Re(i7i/2 o-f^-1/2 -1)] 

(13) 

where the polar angle is for /, Qq for a, and x is the azimuthal angle. These angles are 
illustrated in Fig.l and Fig. 2. G is the Fermi coupling and Vcb is the Cabibbo-Kobayashi- 
Maskawa (CKM) mixing matrix element. The daughter baryon Q^ decays into a and b with 
a branching ratio Br{Qc -^ a + b) and decay asymmetry parameter oo. p is the momentum 



of fie in the rest reference frame of ^b- According to the results of [20|, in Eq. fll3p we have 
assumed all the helicity amplitudes are real, since otherwise we will have to include the 
effects of CP-violation. 

Various angular distribution and asymmetry parameters of Qb semileptonic decays can 
now be obtained. First, from Eq. (IT3l) . by integrating other angles, the polar angle distribu- 



tion of the successive decay f^c — )■ a + 6 is 

dr 



dwd cos 



n 



oc 1 + aiaf7Cos6c, (14) 



where the asymmetry parameter ai is defined as 

I i2i i2i r2i i2 

_ |-ni/2 l| — |-n-l/2 -l| + |-ni/2 o| " |-n-i/2o| . ^ 

'-^1 ~ "i 12 1 12 1 12 1 ?i ' l-'-^-' 

|-f^l/2 l| + |-f^-l/2 -l| + |-f^l/2 o| + |-f^-l/2 o| 

and the polar angle distribution of the decay W^ — )■ £ + z/ is 

- — — ■ oc 1 + 2q;2 cos 6 + 0:3 cos^ 6 , (16) 

dwd cos 9 

where the parameters 0:2 and 0:3 are 

I 1 2 I 1 2 

1-^1/2 l| - 1-^-1/2 -l| , . 

■^2 - 7-; — 72 — 7— 72 — "ttt; — ^2 — rr; tt,-- UO 



pi/2 l| + |-f^-l/2 -l| +2(|i/i/2o| + |-f^-l/ 



2 



I i2i i2 I i2i i2 

_ |-f^l/2 l| + |-f^-l/2 -l| -2(|iJi/2o| + |-f^-l/2 o| ) . V 

•^3 — 1 72 — j 71 71 ii — I r27 ' \^°) 

|-f^l/2 l| + P-1/2 -l| + 2(|-f/'i/2 o| + |-f^-l/2 o| ) 



and the x distribution is 



dr 37r2 ^ ^ 



where 

2Re( iJ_i/2 0-^1/2 1 + -^1/2 0-^*1/2 -1 

^=^^ ^^^ V^^ 12 1^' |2 - (20) 

|-ni/2 l| + |-n-l/2 -l| + |-ni/2 o| +|-n-l/2o| 

Up to now, all of the analysis in this section are model independent. With the help 
of the large Nc Isgur-Wise function given in Sec. II, we can calculate all these asymmetry 
parameters numerically, the results are listed in Table I. 

Next, let us turn to the analysis of the decay fi;, — )> 17* + W[^ i + u), the procedure 
is analogous to the analysis of ^2^ — )■ f2c(— ^ a + b) + W{^ i + u), we can get the angular 




FIG. 1: Definition of polar angles Qq and Q, both angles are defined in rest frames of the decaying 
particles. 




FIG. 2: Definition of the azimuthal angle x which is the one between two cascade decay planes. 



distribution as the following: 
dr' G^ 



dcudcosB (27r) 



, /Vf' 2 



12Mi 



\2\tt' |2 3 

^3/2 



X ( ^(1 + cos0)^|iJ^/2 iT + ^(1 - cosef\HU/2 -l| 



+ -(1 + cosey\H[,^ if + -(1 - cos &y\H'_u2 -1 



I ^ • 2r>il IT/ |2 

+ -sin e\H^/2o\ 



-sm 0|iJ_i/2o| J 



(21) 



where the angle has the same meaning as before. Again we can get some asymmetry 
parameters. The polar angular distribution of the cascade decay of W^ — )■ £ + z/ is 

dr' 



dcud cos 



oc 1 + 2a[ cos + 0:2 cos - 



(22) 




FIG. 3: Definition of polar angles Qn and Qp, where the polarization vector P is in the y-z plane. 



where 
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-\H' 



3/2 



-1 + F^i/2 1 - F- 
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ttr. 
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\H' 



3/2 



I ^ I I Z I 

-1 + ^1/2 1 + M^- 



1/2 -l| 



2(|/J( 



/2 0| 



|-"-l/2 Ol ;< 



1^3/2 ll + 1^-3/2 -ll + 1^1/2 ll + 1^-1/2 -ll +2(|//{,nJ +\H' 



1/2 Ol 



1/2 ol 



') 



. (24) 



All the numerical results of these asymmetry parameters are listed in Table I. 

B. Polarized Q.i^ decay 

In this sub-section, the decays of a polarized Vtb will be analyzed, since in the proposed 
Z-factory [9], the produced bottom quarks will be polarized. It is reasonable to assume the 
fif, will also be polarized in Z-factory. Two new decay angles will be introduced, Qp and Xpi 
where P denotes the polarization vector of the parent baryon fif,, the angles involved are 
shown in Fig. 3 and Fig.4. 

For the decay Vti, — )■ fic(— ^ a + h) + W{-^ £ + i^), the density matrix is now the following, 

I 1 2 I 1 2 

Pl/2 1/2 = 1^1/2 l| {I- PcOsQp) + \Hi/2o\ (l + PcOsOp), 

Pi/2 -1/2 = P-1/2 1/2 = Psin6pRe(i/i/2 0-^^*1/2 0) 5 
P-1/2-1/2 = |i/-i/2-ir(l + Pcosep) + |i^_i/2or(l-Pcosep). (25) 
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FIG. 4: Definition of aziniuthal angle XP- 



After integrating the angles of the leptons out, the whole angle distribution is obtained: 



dr 



G^ 



Ml 



dwd cos Bpdxpd cos Bf7 (2vr)* 48Mi 



1 2 I 1 2 I 1 2 I 1 2 

X ( 1-^1/2 l| + 1-^-1/2 -l| + 1-^1/2 o| + 1-^-1/2 o| 



I |2| |2| |2| i2 

+ancosQci{\Hi/2 i\ - |iJ_i/2 -i| + |-f^i/2 o| - |-f^-i/2 o| )a; 



I i2i i2i i2i [2 

-Pat7COS0p(-|i7i/2 l| +|i^-l/2-l| + 1^1/2 o| -1^-1 



-1/2 0| 



I |2| |2| |2| |2 

+PancosQncosQp{-\Hi/2 i\ - |i^-i/2 -i| + |^i/2 o| + |^-i/2 o| ) 



+Paf7 sin Qn sin 0p cos xp2Re(iJi/2 o-f^* 1/2 0^ 



Then the Qp angle distribution is 



(26) 



dr 



dcud cos Qp 



oc 1 — apP cos Qp - 



(27) 



where 



ap 



I i2i i2i i2i i2 

|-ni/2 l| — |-n-l/2 -l| — |-ni/2 o| +|-n-i/2o| 

] 72 i [2 i 72 i 72 

\Hi/2 l\ + \H_i/2 -l\ + |-f^l/2 o| + 1-^-1/2 o| 



And the xp distribution is 



dr TT^ 

-— — ocl - —P'jpap cos X , 
dcudx lo 



(28) 



(29) 



where 



Ip 



2Re(^Hi/2 oH*_ 



1/2 



I |2| |2| |2| |2 

\Hi/2 l\ + |-f^-l/2 -l| + \Hi/2 o\ +\H-l/2o\ 



(30) 
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The numerical results of these asymmetry parameters are shown in Table I. 

For the decay fi^ — )■ f]* + W{^ (. + v), after integrating the lepton angles out, there are 
no such two asymmetry factors. 





TABLE I: Asymmetry parameters 




ai a2 cts ap 7 7p a'l Ci'2 


w =1 

mean-value 


0.943 -1/3 
0.522 -0.04 -0.751 -0.626 0.478 0.468 -0.132 -0.363 



IV. THE DECAY RATES 

To be more concrete, we can now calculate the differential decay rates. Neglecting the 
lepton mass, the Vti^ ^ Vt^l v differential decay rate can be expressed in terms of the helicity 
amplitudes as 



drv) 

do; 



G^ 



(2vr) 



, /Vf2 



\H 



1/2 i| 



12Mi 

I |2 I |2 I |2 

\H-i/2 -l\ + |-f^l/2 o| +\H-1/2q\ 



where q^ = Mf + M^ - 2M1M2UJ. 

For the decay oi Qi, ^ Q* I u , we have 



dTH 
do; 



G^ 



M: 



/2 



(2,)3l^^^lVv/^ ^12M, 



G' 



I -"3/2 i| 



\H' 



3/2 



1^ _L I W 1^ 

'l| + |-"l/2 l| 



1^-1 



/2 



1^ _L I W 1^ 

-l| + |-"l/2 0| 



(31) 



1^-1 



/2 0| 



(32) 



where q'"^ = Mf + M^ — 2M1M3U, and the above distributions are plotted in Fig. 5 and 



Fig. 6. All the results are consistent with 



21 



23| when expressed in terms of form factors. 



By inputting the form factors discussed in Sect. II, numerical results can be obtained. 
We have taken G = 1.16637 x 10"^ GeV^^ and iKfel = 40.6 x 10" 



18|. The results are: 



r(rtb ^VLjv) = 1.686 X 10-i^GeV, 
B(fifc ^VL^lv) = 2.82%. 



(33) 
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1.1 1.2 1.3 1.4 1.5 l.f 



FIG. 5: The differential decay rate of fif, — t- f^c ^ v- 




FIG. 6: The differential decay rate of ilf, — )■ il* / v. 



ViSlb ^9.*Ju) = 3.482 X 10-i^GeV, 
B(fi5 ^ fi* / z/) = 5.82%. 



(34) 



The second width is about twice as large as the first one, this can be understood easily 
when we consider the Clebsch-Gordan coefficients. Note that we have obtained the above 
results by taking two approximations: heavy quark limit and large A''^ limit. In the near 
future, these results can be tested at the LHCb experiment. 

V. SUMMARY 

In this paper, we have calculated Vti, — )> Vtc semileptonic decays. Relevant helicity am- 
plitudes have been written down. Both unpolarized and polarized Vti^ baryon cases have 



13 



been considered. Decay angular distributions, asymmetry parameters and semileptonic de- 
cay rates have been calculated, with numerical results using leading order results of HQET. 
The large N^ QCD result for Isgur-Wise functions have been used. The numerical results 
(especially the zero-recoil values) can be checked by the experiment at the LHCb. 
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